Abstract Sea-level rise and extreme events have the potential to significantly impact coastal energy infrastructure through flooding and erosion. Disruptions to supply, transportation and storage of energy have global ramifications and potential contamination of the natural environment. On a European scale, there is limited information about energy facilities and their strategic plans for adapting to climate change. Using a Geographical Information System this paper assesses coastal energy infrastructure, comprising (1) oil/gas/LNG/tanker terminals and (2) nuclear power stations. It discusses planning and adaptation for sea-level rise and extreme events. Results indicate 158 major oil/gas/LNG/tanker terminals in the European coastal zone, with 40 % located on the North Sea coast. There are 71 operating nuclear reactors on the coast (37 % of the total of European coastal countries), with further locations planned in the Black, Mediterranean and Baltic Seas. The UK has three times more coastal energy facilities than any other country. Many north-west European countries who have a high reliance on coastal energy infrastructure have a high awareness of sea-level rise and plan for future change. With long design lives of energy facilities, anticipating short, medium and long-term environmental and climatic change is crucial in the design, future monitoring and maintenance of facilities. Adaptation of coastal infrastructure is of international importance, so will be an ongoing important issue throughout the 21 st century.
the flooding and failure of the Fukushima nuclear plant. This local loss of energy supply had global ramifications. For example, fewer car parts were able to be manufactured, many of which were due to be transported to Europe (Quirk 2011) . It also led to a wider crisis of confidence in nuclear power across the world, such as in Germany where nuclear energy production reduced from 25 % to about 18 % of total production (World Nuclear Association 2013). Furthermore, Germany decided to phase out nuclear power by 2022. Other extreme events also affect energy production. In the United States, Hurricanes Katrina, Rita (2005) and Sandy (2012) caused damage to oil and gas infrastructure and disrupted supplies, leading to a temporary rise in oil prices (Hibbard 2006; Hoffman and Bryan 2013) .
The likelihood of occurrence of extreme sea levels is expected to increase due to climate change and subsequent sea-level rise around Europe, plus possible increases in storminess, leading to greater exposure and adverse damage to infrastructure (HM Government 2011). Whilst there have been several studies on energy infrastructure and their environments (e.g. European Commission 2011; Hanson and Nicholls 2012; Nicholls and Kebede 2012; Nicholls et al. 2008; Pye and Blott 2006; Wilby et al. 2011) , few have investigated the implications of climate change on coastal energy infrastructure in Europe across a number of sectors, including possible responses. The proposed EU Directive on Maritime Spatial Planning and Integrated Coastal Management (European Commission 2013), requires member states to become more co-ordinated in planning coastal structures, including any infrastructure upgrades (or associated policies) as a means to adapting to climate change. It encourages mapping and analysing maritime activities to ensure efficient use of space and more coordinated management activities across different policy areas and activities. Furthermore, the UK government encourages system-wide monitoring of critical infrastructure to identify potential hotspots of problems, and to better understand their inter-dependences and resilience to environmental change, and common approaches to adaptation . This paper aims to (i) assess where selected coastal energy infrastructure is at risk, and whether there are any particularly susceptible regions within Europe; and (ii) determine adaptation and management practices and options in light of this risk across different energy sectors. In doing so, the paper will raise awareness of common issues where industries may learn from each other and identify future research needs. This will be undertaken by:
& describing regional variations of historical sea levels, future rise and other hazards associated with marine environments; & assessing a subset of major coastal energy facilities on a European scale; & evaluating adaptive response with respect to planning and maintenance of energy infrastructure 2 Setting and relative sea-level rise
In this paper, Europe is defined as the 112,000 km coast from the Norweign/Russian Federation border to the Turkish/Syrian border, including the UK and Ireland (Fig. 1) . 32 European countries are located on six major water bodies (Black Sea, Mediterranean Sea, Atlantic Ocean, Norwegian Sea, North Sea and the Baltic Sea), whose environmental conditions are summarised in Table 1 . Depending on the coastal typology, topography, wave climate and exposure, and their interaction with sea-level rise, energy infrastructure will be affected in different ways. The Atlantic Ocean, Norwegian and North Sea coasts with longer oceanic fetches are more exposed to storm events than the Baltic, Mediterranean and Black Sea coasts. They can experience long period waves with a large significant wave height. Europe's more exposed coasts can potentially have high tidal ranges. Water levels in the Black and Baltic Seas are seasonally influenced by fluvial discharge (driven by precipitation), by seasonal sea ice, including associated wave effects which are also important in the Baltic Sea (Valdmann et al. (Church and White 2011) . Europe has some of the longest and most consistent records from tide gauges worldwide. Figure 2 shows the rates of relative sea-level rise from 1700 extracted from the Permanent Service for Mean Sea Level (2010) dataset. Locations are shown in Fig. 1 . Figure 2 indicates that local relative sea-level rise at these locations post 1900 ranges from −6.5 mm/year (Oulu, Finland) to +6.8 mm/year (Poti, Georgia), with many tide gauges recording 2 mm/year of rise. Tide gauges around the North Sea and southern Europe have the highest rate of relative sea-level rise, partly due to subsidence. Northern coasts experience low relative sea-level rise, or even sea-level fall due to isostatic uplift. Comparatively, regional European trends for sea level indicate that over the past 70 years, sea levels have risen 1.7 mm/year in the Mediterranean Sea, whereas along the Atlantic Iberian coast, a higher rate of 3.5 mm/year has been measured (Wöppelmann and Marcos 2012) .
Projecting past trends to 2100 results in a potential rise of 15 cm globally, or between -57 cm to +61 cm of relative sea-level rise around Europe (using rates from Fig. 2 ). However, this does not include potential acceleration in sea-level rise. Globally, this could increase sea levels beyond the 82 cm of rise projected in the Intergovernmental Panel on Climate Change's Fifth Assessment Report (Intergovernmental Panel on Climate Change 2013), to in excess of 1 m (e.g. For a full review, see . There are also regional effects: For example in the Mediterranean, steric sea-level rise (i.e. excluding land based ice melt) is expected to contribute 2 cm to 7 cm of rise in the Mediterranean over the next 50 years (Carillo et al. 2012) . Hunter et al. (2013) have recently developed a new method to determine regional allowances for relative sea-level rise which can act as a guide for engineers when designing infrastructure to prevent flooding. For the period 2010-2100 and a sea level rise rise of 1 m (accounting for regional variations), they found the lower allowances are in Scandinavia (the lowest in Sweden being -0.86 m) and the highest allowance in France at 0.64 m.
Coastal energy infrastructure at risk
Coastal energy infrastructure includes oil refineries, gas processing facilities and storage, liquid natural gas (LNG) plants and terminals, tanker terminals, ports, nuclear power stations, mining facilities and wind farms. This infrastructure can be seen as the 'central nervous system of our economy' (European Commission 2011). Just as injury or damage to man's nervous system can affect his whole body potentially causing disability, any major disruption to the local energy infrastructure network can have global ramifications (e.g. Kopytko and Perkins 2011), particularly to those industries wholly dependent on energy supply (HM Government 2011). Indirectly, this can result in a decrease in gross domestic product (Esteban et al. 2010 ) and disruption of navigational routes and supply chains (Emmerson and Stevens 2012) , potentially affecting all of Europe, rather than just the coastal regions. With a large reliance on energy production, long life spans, high set-up costs (Wilby et al. 2011 ) and changing European legislation, understanding common issues and geographical locations where problems may arise is essential.
Methods
To assess potential impacts relative to projected changes, present stocks of selected coastal energy infrastructure were mapped around Europe using a Geographical Information System. The following sections consider:
(1) major 1 oil, gas processing, LNG and tanker terminals (extracted from the 2009 World Energy Atlas (Petroleum Economist Cartographic 2008)); (2) shut down, operating and future nuclear power stations (extracted from the World Nuclear Association's database (World Nuclear Association 2010a, 2010b) which provides details of nuclear power stations worldwide).
These energy sectors were selected due to Europe's potentially high reliance on those energy types, and they are either a long-standing supply, or will affect the coastal landscape for many decades to come. Shutdown, operating and planned nuclear reactors were also examined, as these sites have or will have the potential of contamination if an extreme event occurred prior to decommissioning. Each facility was checked to determine whether it was located directly on the coast (i.e. the land/water interface). Hence this is a minimum number of threatened sites, as facilities in the coastal flood plain, but not located directly on the coast were not considered. Figure 3 shows the results of the mapping process which are discussed in the following subsections. Fig. 3 a Oil, gas, LNG and tanker terminals in Europe (where at least two facilities exist). Extracted from Petroleum Economist Cartographic (2008). b Nuclear power stations shutdown, operating, under construction, planned or proposed in Europe. Extracted from World Nuclear Association (2010a Association ( , 2010b 3.2.1 Locality of oil, gas, LNG and tanker terminals potentially at risk Oil, gas and LNG facilities rely heavily on coastal zone and offshore infrastructure for transportation, tanker terminals, processing and storage. In 2030, 30 % of all primary energy is expected to be based on oil products, mainly due to its demands for fuel for transportation. For the integrity of the supply chains, secure distribution must be maintained from the coast to further inland (European Commission 2011). Figure 3a plots the locations of refineries and terminals where there are two or more facilities in the same or adjacent locations (e.g. across an estuary). Only concentrations with two or more refineries or terminals are noted, representing the more major facilities which may experience similar problems under rising sea levels. Facilities tend to be clustered due to vessel length and the need for deep water. Frequently terminals are located away from population centres, such as at an estuary mouth. There are 158 major oil, gas, LNG and tankers on the European coast, comprising 62 oil terminals, 12 gas terminals, 19 LNG terminals and 65 tanker terminals. 40 % of the total facilities are around the North Sea.
Energy facilities on the coast

Locality of nuclear power stations potentially at risk
In 2007, nuclear power generated 13.4 % of the total energy consumption in 27 EU countries (European Environment Agency 2010). It is an attractive alternative fuel as less greenhouse gases are released, although there is controversy due to the long-term storage of radioactive materials, plus safety concerns. Nuclear power plants require cooling water, so coastal locations are popular (World Nuclear Association 2010a). The 2003 heat wave shut down many river-cooled nuclear power plants in France resulting in diminished energy production (IAEA 2004) . This means that future reactors are likely to be concentrated in coastal locations. Fig. 3b illustrates the location of nuclear power stations.
Located in 13 coastal European countries, 71 out of the 191 operating reactors (37 %) and 28 out of 72 locations (38 %) are coastal (Fig. 3b) . Many of the reactors are located in northern Europe with a particularly heavy concentration of reactors along the French and British coasts. More than 47 % of the nuclear energy in the EU 2 is generated by France (Schneider 2008 ) and 20 of its 58 operating reactors are in the coastal zone (World Nuclear Association 2010b). The UK has the greatest number of plants on the coast (40 shutdown, operating or planned). Due to potential contamination of materials and equipment, these sites require protection from rising sea levels and extreme water levels for over 60 years (Wilby et al. 2011) . Plant set-up costs are high, and from a planning perspective and often public resistance to change, it is often favourable to build a new reactor next to an existing one, rather than construct in a new location. This is reinforced by the data showing that 70 % of the proposed new power plants in coastal zones will be located on current sites. Hence potential problems created by environmental change are limited to fewer localities, and so resources can be more cost-effectively used and targeted in these localities.
Discussion
Identifying common areas potentially at risk
With climatic and environmental change there will be the potential of an increased risk of damage to infrastructure through rising sea levels and more frequent extreme events. Present extreme water level values are routinely considered during the planning and design stages of new structures. However not all designs consider future conditions. Often the lifespan of existing/planned energy infrastructure is within the timeframe predicted for significant environmental change, but this issue has not always been appreciated (Paskal 2009) .
Taking the facilities shown in Figs. 3 and 4 plots the total number of energy facilities per country against the magnitude of land level change only (using the DIVA model, see Brown et al. 2011 ). This indicates which countries are most at risk from rising sea-levels relative to each other. Infrastructure is potentially at higher risk from relative sea-level rise for those countries in the upper half of the y-axis, rather than those in the lower half, unless adaptation starts or continues to be undertaken. The UK has three times as many coastal facilities than any other European country. Belgium and the Netherlands have a higher potential relative sea-level rise than the UK, but fewer energy facilities. Finland has the lowest projected change and a small number of facilities, so is less at risk from disruption to coastal energy facilities. Tol et al. (2008) found that awareness (in the early 2000s) of planning and adapting to climate change was variable across Europe, and categorised this by country. Their results, as well as the combined number of facilities at a given location (based on a 50 km radius) is shown in Fig. 5 . Since Tol et al. (2008) , awareness of climate change and sea-level rise has been raised throughout Europe, including in the general public (Eurobarometer 2009 ), but when reviewing the literature the relative balance between European countries appears similar. Public opinion is important as this can drive political and adaptive response, and also maintains economic confidence in coastal zone activities. Those nations who have raised their awareness since Tol et al. (2008) include the Belgians, who have developed the Sigma Plan which aims to protect against flooding in the Scheldt until the 2030s (Sigma Plan 2011). Here, as in the Netherlands, concern over rising sea levels is also rated relative to other local issues. For example, the Dutch had lower than average concern over climate change compared with the EU average (Centre for Environment, Fisheries & Aquaculture Science 2011), probably as, Fig. 4 Relative sea-level rise illustrating land level change (with zero sea-level rise) plotted against the combined number of energy facilities per country. The higher the country is positioned on the y-axis, the greater the risk to infrastructure, unless adaptation is undertaken due to a long history of flood management, rising water levels and adaptation are already integrated into national and local policies. European policy makers need to be more concerned about those countries with lower awareness and a significant number of energy facilities on the coast. With no new pan-European studies quantifying national government policies of awareness and adaptation to sea-level rise since Tol et al. (2008) , further reviews would be of value and could support improved analysis and decision making. Initial focus could be on eastern and south-eastern European regions where Tol et al. (2008) identified very low to medium awareness, but where sea levels are rising and coastal infrastructure is expanding.
Response to coastal and climatic change
The prospect of alternative sources of energy and use of existing facilities, as seen in recent years with renewable energy, fracking and carbon capture will potentially see new coastal facilities, localities and longer lifespans of existing plants. Where coastal conditions change, adaptation planning and long-term protection strategies are required to reduce potential adverse effects (cf Wilby et al. 2011) . Risk prevention or protection is important, and unless undertaken could result in increased costs of energy facilities if they are shut down after an extreme event, or due to safety concerns for public health and welfare (Kopytko and Perkins 2011) .
Relevant preventative action for coastal energy infrastructure includes:
(a) Hard protection approaches (e.g. dikes, seawalls, breakwaters, raising port areas); (b) Soft protection approaches (e.g. nourishment, dune building); This can be proactive or relative, i.e. anticipating or reacting to change. As energy facilities often have long design lifetimes and the cost of reactive measures can be large, it is better that environmental change is anticipated today, so that facilities can be built to withstand future conditions, or that upgrades are tuned to infrastructure renewal life cycles.
Sectoral response to climate change and long-term outlook
Due to the piecemeal ownership of energy facilities across Europe, it is difficult to determine the broad response of both industries and possible adaptation measures to sea-level rise. However, responses need to envisage long-term use and potential problems. Some examples of this are discussed in the sections below. Comparing response between sectors is also valuable as solutions could be transferable. Consequently, further research into this area would be welcomed.
Future of oil, gas, LNG and tanker terminals
Until recently, defence construction has been based on analysis of past extreme events and did not take into account long-term or changing trends, leaving older structures at increasing risk over time (Rayner and MacKenzie 2010) . 40 % of oil/gas/LNG facilities are located around the North Sea, and these countries have a relatively higher awareness to sea-level rise than others in Europe (as noted in Tol et al. 2008 , and the literature since then). They anticipate change, and review infrastructure accordingly. For instance, the Shoreline Management Plan (AECOM 2012) at Bacton gas terminal, Norfolk, UK has been altered to reflect the possibility of using the infrastructure as part of the Baird gas field storage facilities, extending the terminal's lifetime by 50 years (Dobson and Buswell 2009 ). However on a wider scale there is little public information about how the oil and gas industry will or are adapting at a practical level to rising sea-levels, but this may be due to the commercial nature of the industry.
In the future, with the prospect of some oil and gas fields being used for carbon capture, existing coastal facilities could be renovated or expanded to be used in this emerging industry (e.g. Sleipner, Norway, although nationally, plans are being reviewed by the Norwegian Ministry for Petroleum and Energy (2013)). When constructing or upgrading infrastructure, adaptation needs to be undertaken proactively, anticipating rates of environmental change. This will reduce long-term costs, particularly if the infrastructure will be used for many decades. A similar approach would be required for renewable energy. Bahaj (2011) identifies that offshore wind, wave and tidal energy is expected to expand over the coming years. Hence energy infrastructure will need to be protected for the foreseeable future, with adaptation to protect against sea-level rise timed with periodic upgrades to infrastructure.
The hydrocarbon industry also relies on shipping, which could be affected by climate change (e.g. more extreme sea-levels, increased wind speeds, change of routes due to prolonged periods without sea ice for Scandinavian countries (Valdmann et al. 2008) ). In the UK, the Climate Change Act (2008) requires ports to evaluate risks of climate change. For Dover, UK, weather and climate risks and stakeholders affected have been identified. Adaptation to these risks has been suggested in terms of effectiveness, efficiency, equitability and sustainability until 2080. This proactive planning will allow Dover to be prepared and remain competitive in a global market (Port of Dover 2011). This is important as with international connections, damage at one port or energy facility could affect countries world-wide (Becker et al. 2013) . In a global survey of port administrators (17 out of the 93 respondents were in Europe), 66 % did not consider themselves informed about climate change, yet still believed adaptation was possible (Becker et al. 2011) . Thus more international ports should follow the UK example to raise awareness of potential problems, and their solutions. With a 10-year planning horizon that many ports work to (Becker et al. 2011) , response to rising sea levels continues to be a short to medium term issue, rather than a long-term problem. For other ports with longer-term infrastructure cycles, sea-level rise needs to be envisaged, and planning and new investments made reflecting this (Becker et al. 2013) . Identifying these infrastructure renewal cycles is important as it provides an opportunity to cost-effectively maintain and upgrade port environments and the services they offer.
Future of nuclear power stations
Nuclear power stations are mostly found along the Irish, North and Baltic Sea and English Channel coasts. Climate change may affect nuclear power stations by disrupting the flow of cooling water required for the reactor, or due to changes in sediment supply acting as a natural protective barrier, which could lead to flooding or erosion (Paskal 2009 ). This could cause problems for operational, decommissioned and storage plants where hazardous material exists. Due to the long time periods that material remains hazardous, nuclear power plants and surrounding coasts need to monitored and protected for many decades or centuries (Wilby et al. 2011 ). Subsequently, the sector has a greater awareness of climate change and sea-level rise compared with the oil industry.
Appropriate adaptation and management schemes for nuclear plants include hard and soft engineering. For example, soft protection is essential for Dungeness power station, Kent, UK, which was built in the 1960s on a shingle foreland in the English Channel. Inundated during construction, it has been subject to periodic external flooding events (Maddrell 1996) . By analysing wave data, beach profiling is optimised by efficient beach feeding and shingle recycling. This reduced erosion rates (which may otherwise have been up to 1.5 m/year), but projected increases in sea-levels, and therefore increased height of surges, could lead to over steepening of the beach, breaching the shingle ridge and cause flooding. Hard protection has been considered, but this is a more costly option (Maddrell 1996) . The UK Climate Change Act (2008) states that energy infrastructure should be resilient to climate impacts, with adaptive measures considered in response to emerging risks (HM Government 2011). Having undertaken a review, due to erosion risk and ecological issues, no more nuclear reactors will be constructed at Dungeness (Department of Energy and Climate Change 2011). Hence adaptation must be reliable and cost-effective, and different adaptation methods reviewed as conditions change.
Despite protection, flooding still has the potential to occur. The Blaye nuclear plant is situated on vulnerable reclaimed land of the Gironde estuary near Bordeaux, south-west France. Constructed in 1976, much of the main machinery is buried to 10 m below datum, and so is at risk from inundation. Following extreme water levels and a 2.5 m surge in the estuary in 1999, defences designed for the 1-in-1,000 year flood event were overtopped, leading to partial flooding. The plant had an emergency shutdown, and was not fully reopened for 4 months. This raised concerns that a similar situation could happen again, or occur at other coastal reactors. Subsequently the sea walls at Blaye were raised from 5.20 m to 6.20 m above mean sea level (Peterken and Foote 2001; Paskoff 2004) .
In western Europe, new reactors are planned adjacent to existing ones, thus reducing costs and the wider environmental impacts. In eastern Europe, there are eight new locations where plants are being planned or proposed. New nuclear power stations must take into account national flood risk planning guidelines at all stages of the planning process (i.e. a form of proactive adaptation) and direct development away from areas of high risk (Wilby et al. 2011) . Risk assessments need to identify all hazards and possible adaptation options during the lifetime of the plant (consent, design, construction, operations, decommissioning and fuel storage). Particularly vulnerable features of the plant (e.g. cooling system) should have higher defence standards. For all reactors, appropriate monitoring, modelling, prediction and planning of coastal change in risk assessments are regularly required.
Conclusion
This paper has reviewed and assessed selected critical infrastructure in the coastal zone. 158 major oil/gas/LNG/tanker terminals and 71 operating nuclear reactors were identified on the coast. The greatest concentration of these facilities was found in countries surrounding the North Sea, particularly the UK. Relative sea-level rise threatens many of these areas. Without monitoring or upgrading protective infrastructure, sea-level rise could lead to disruption in energy supplies with international ramifications.
There is limited information in the academic literature of how the oil and gas industry will respond to the challenge of sea-level rise. The nuclear sector appears to have greater awareness, particularly over long time scales, reflecting the necessity to protect materials that could potentially contaminate the environment. Following Tol et al (2008) and a review of more recent literature, countries in north-west Europe (coinciding with much infrastructure) tend to have the greater awareness of climate change and sea-level rise compared with other European regions, so are risk adverse. An updated study of awareness and policy action of energy infrastructure at risk from rising sea levels would be welcomed, particularly in those investing in new infrastructure where Tol et al. (2008) identified awareness was low.
Some governments with large amounts of coastal infrastructure are proactive in identifying hazards to the industry, planning for and are preparing for sea-level rise, and reviewing a wide range of adaptation options decades ahead. These practices need to be applied more widely within Europe, with a more proactive approach to adaptation. Cross-sectoral energy interaction, including energy sectors not analysed here (e.g. renewables), needs greater encouragement, so that common problems can be identified and potential solutions shared. This would increase awareness and foresight, allowing engineers to adapt infrastructure to rising sea-levels, either during construction or coinciding with periodic upgrades, thus increasing cost-effectiveness. Periodic reviewing is particularly important as with some hydrocarbons becoming more economically obtainable, a plant's lifetime is extending beyond its initial design life and the environmental conditions associated with it.
Finally, with the emergence of parts of Asia in the global energy markets, and with further coastal power stations and nuclear facilities proposed, lessons about extreme events can be learnt in Asia from established European facilities. This includes routine risk assessments, and protection strategies altered to suit changing environmental conditions throughout its operational life.
